We present axial plane optical microscopy (APOM) that can, in contrast to conventional microscopy, directly image a sample's cross-section parallel to the optical axis of an objective lens without scanning. APOM combined with conventional microscopy simultaneously provides two orthogonal images of a 3D sample. More importantly, APOM uses only a single lens near the sample to achieve selective-plane illumination microscopy, as we demonstrated by three-dimensional (3D) imaging of fluorescent pollens and brain slices. This technique allows fast, high-contrast, and convenient 3D imaging of structures that are hundreds of microns beneath the surfaces of large biological tissues.
A conventional wide-field optical microscope captures 2D images of samples' cross-sections within the objective's thin focal plane normal to its optical axis 1 . For applications such as imaging cortical neurons of a living brain 2 or studying mechanotransduction 3, 4 and mechanical properties of cells 5 , however, the principal plane of interest is often perpendicular to the sample surface. Currently, axial plane images (parallel to the objective lens's optical axis) are typically obtained with a confocal microscope by scanning its objective lens, intrinsically limiting the temporal resolution 6 . In principle, axial plane images can also be obtained by digital holographic microscopy [7] [8] [9] , which requires coherent light signals and is thus not applicable to incoherent fluorescence signals, critically limiting its applications in biology. The recently invented oblique plane microscopy [10] [11] [12] can image out-of-focus planes, but has been limited to small tilting angles and cannot image axial planes directly due to the mechanical constraint of its optical configuration. Recently, a novel slit scanning confocal microscope that images the axial plane by combining remote focusing and synchronously scanning two small mirrors was developed 13 . It increased the scanning speed in the axial direction because the two small mirrors are lighter than the objective lens and are not in contact with the sample 13 . However, it still relies on scanning to form a 2D image. In this letter, we report an optical method, APOM, that directly images the axial cross-section of a sample without scanning. The APOM is fully compatible with conventional wide-field microscopes, enabling fast, simultaneous acquisition of orthogonal combination of wide-field images of 3D samples. More importantly, the APOM allows light-sheet illumination and optical signal detection through the same objective lens, as we demonstrated by 3D imaging of fluorescent pollens and mouse brain slices. This fast, high-contrast, and convenient imaging approach does not require special sample preparation, and is particularly suitable for imaging structures that are hundreds of micrometers beneath the surface of large biological samples such as living brains.
Results
As shown in Fig. 1a , we use one objective lens (OBJ, 1003, NA51.4, oil immersion) near the sample for both illumination and image collection, and an identical remote lens (L3) at about half meter away from the sample for forming a 3D intermediate optical image at its focus. A 45u-tilted mirror (M1) placed at the focus of L3 transforms the axial cross-section to the lateral cross-section of this remote lens. The axial plane image of the sample is therefore formed at the image plane of the remote lens and collected by a CCD camera (Fig. 1c) . This direct optical imaging method does not require scanning or computation, and is thus inherently fast. In principle, the mirror M1 can be placed at an arbitrary angle between 0u and 45u, and be rotated around the optical axis of the remote objective to achieve arbitrary plane imaging. In the current experimental setup, the remote lens L3 is identical to the objective lens OBJ in order to form a 3D image without the spherical aberration for optical signals from object points outside the focal plane of OBJ [14] [15] [16] . Because the working distance of the high NA objective that we used is small (about 0.13 mm), only the edge of the 45u mirror is used. This requires the mirror to have a high quality reflecting surface as well as a straight edge. We create such mirrors by coating aluminum on cleaved silicon wafers with an atomically straight edge.
The APOM allows direct high-resolution axial plane imaging of a sample over a large field of view (Fig. 1 ). To understand the resolution limit of APOM, we have calculated the intensity point spread function (PSF) of APOM with a vector diffraction theory that treats a high NA optical system more accurately than scalar theories (Fig. 1d ) [17] [18] [19] [20] . The classical scalar diffraction theory estimates PSF with Fresnel approximation, which is only applicable to low NA systems and will overestimate the PSF in the axial direction by about 40% for a conventional microscope with a NA51.4 oil immersion lens 19 . The scalar Debye theory does not make the paraxial approximation, but still neglects the vectorial nature of the light that is important for a high NA system 20 . Since the NA of the objective lens in our system is very high (NA 5 1.4), we calculate the PSF with a vector theory that does not use paraxial approximation and considers the polarization of electromagnetic waves 17, 20 . The electric field E I (r
I
) at an observation point r I near the focus of an objective lens can be calculated by the vectorial Kirchhoff integral, derived from a vector analogue of the Green's second identity. When the focal length of the objective lens is much larger than the wavelength of the collected light, and the observation point is close to the focal point compared with the focal length, the vectorial Kirchhoff integral is simplified to the vectorial Debye integral, where E I (r I ) can be calculated by integrating the electric field E I s at the wavefront surface S over the entire exit pupil (Fig. 1b) Here k is the wave number in the medium, l is the wavelength in the medium, f is the distance between the focal point and the wavefront surface S, and N I is a unit ray vector normal to the wavefront. The 3D effective pupil area of APOM is shown in Fig. 1b . Due to the signal loss at the 45u mirror, the effective pupil area is not symmetric, giving rise to an asymmetric PSF. For comparison, we also calculated the PSF of conventional microscopy along the z-axis, although conventional microscopy cannot image the axial plane directly ( Supplementary Fig. S1 ). Note that the PSF of conventional microscopy is also different along the z-axis and the x-axis.
The calculated full-width at half-maximum (FWHM) of the PSF of APOM in the axial direction is almost the same as that of conventional microscopy in the axial direction for high NA objectives. When the NA of both OBJ and L3 is 1.4, as used in the current experiment, the calculated FWHM of the PSF of APOM is 641 nm along the z-axis and 255 nm along the x-axis (Fig. 2a) for the illumination wavelength of 546 nm. The experimentally measured FWHM of a 150 nm gold nanoparticle with APOM is about 770 nm along the z-axis, agreeing with the vector diffraction theory (Fig. 2c) . The field of view of APOM is mainly determined by the range in which the remote lens L3 can cancel the aberrations caused by the objective OBJ. We imaged a test sample of a nanohole array with a period of 7 mm perforated in a gold film The green surface is the iso-surface at the half peak intensity of the 3D PSF of APOM. The red contour is the x-z cross section of the PSF iso-surface at y50, which directly shows the PSF of axial plane imaging. ( Supplementary Fig. S2 ). The nano-hole array was placed in the axial plane of the 1003 objective OBJ with a wide-field illumination. As shown in Fig. 2d , the 70 mm 3 70 mm nano-hole array is well-resolved by the APOM with negligible distortions over the entire array, confirming that APOM is well suited to directly image the axial cross-section of large samples. The axial field of view of APOM is much larger than the depth-of-focus of the same high NA objective in a conventional microscope which is typically less than 1 mm.
For thick fluorescent biological samples, the APOM naturally allows selective-plane illumination microscopy (SPIM) [21] [22] [23] [24] [25] [26] [27] [28] with a single objective lens near the sample, enabling axial plane fluorescence imaging with high contrast and throughput (Fig. 3) . The SPIM significantly increases the image contrast by only illuminating a selected cross-section of the sample and eliminating background fluorescence from other parts outside the region of interest [21] [22] [23] [24] [25] [26] [27] [28] . Compared to laser-scanning confocal microscopy, the SPIM allows faster imaging, higher signal-to-noise ratio and reduces overall photo-bleaching 22 . A major disadvantage of conventional SPIMs has been that they require two or more objective lenses configured at two perpendicular axes near the sample, one for illumination and the other for detection. The configuration of closely installed objective lenses has limited the size of the samples, NA of the objectives and thus the general applications of SPIM. For example, it is highly challenging to apply SPIM for imaging large mouse brains. In contrast, the APOM uses only one high NA objective near the sample for both selective plane illumination and signal collection. Comparing to former oblique plane microscopy [10] [11] [12] that was limited to small tilting angles, APOM can image the axial plane directly, which simplifies the optics of the selective plane illumination. As shown in Fig. 3a , we applied a thin light sheet parallel to the optical axis of the objective lens for illumination. In this work, the light sheet is a 532 nm laser beam with a waist (thickness) of about 2 mm. As a demonstration, we used this APOM with the light-sheet illumination to image autofluorescent pine pollens (Fig. 3) . The pollens imbedded in polymer are intact commercial samples prepared for conventional wide-field microscopes. Figure 3b is a lateral plane fluorescence image of the pine pollen under wide-field illumination, showing low contrast due to the background fluorescence from out-of-focus parts. On the other hand, the axial plane images (Fig. 3c-e) shows very high contrast. The shell and hollow structures of the pollen with feature size about 1 mm are clearly resolved.
Since APOM uses only one objective near the sample for SPIM, it does not require special sample preparation and is particularly suit- able for imaging structures well beneath the surface of large samples, for example, the cerebral cortex of living mammal brains 29, 30 . As a demonstration, we use the APOM to image fluorescently labeled centimeter-scale mouse brain slices (Fig. 4a) , where the conventional SPIM with the multiple objectives configured near the sample is very difficult to apply. Figure 4b shows its lateral fluorescence image with wide-field illumination, and Figure 4c shows a high-contrast axial plane fluorescence image of the same brain slice with light-sheet illumination. Again, the axial plane image shows higher contrast and better-resolved features than the lateral image because of optical sectioning. Simply by scanning the sample along the y-axis, a series of axial plane images was taken and stacked together to create a 3D image efficiently. Figure 4e, 4f show the 3D fluorescence images of two different mouse brain slices with different fluorescence labeling, which display dense and sparse brain structures, respectively 30, 31 (see also Supplementary videos 1, 2) . Figure 4c is a cross-section of Fig. 4e , and Figure 4d is a cross-section of the Fig. 4f . Different from laser scanning confocal microscopy, the APOM can obtain a 2D axial plane image without scanning, and a 3D image by scanning along only one direction.
Discussion
The APOM can be further improved in several ways. Its resolution can be increased by using objective lenses with larger NA. Objective lenses with 1.49 NA are commercially available and can improve the axial resolution of APOM to about 450 nm for the wavelength of 546nm (Supplementary Fig. S1 ). The field of view can be increased to about 200 mm 3 200 mm without decreasing the resolution by using commercially available 403, 1.4 NA objectives 15 . The tilted mirror can also be rotatable to achieve arbitrary plane imaging. Our APOM requires no special preparation of the sample and allows the use of samples on standard microscope slides. We note that the recently developed inverted selective plane illumination microscopy (iSPIM) has partially lessened the drawbacks of conventional SPIM, permitting conventional mounting of specimens 32 . However, the iSPIM still requires two objective lenses with overlapping focuses configured at two perpendicular axes near the sample, which limits the use of higher NA lenses for imaging large samples at higher resolutions. The oblique plane microscopy [10] [11] [12] has been previously limited to image oblique planes with small tilting angles due to its optical configuration. The combination of the current optical arrangement and the silicon-wafer mirror with a flat edge allows our system to image oblique planes at arbitrary tilting angles between 0-90u. To further improve the resolution of the system by light sheet illumination, the thickness of the light sheet must be small over a wide field comparing to the PSF of the system. This is difficult to achieve with conventional Gaussian light sheets, but can be achieved with thin Bessel beams 33 . Our APOM system can generate thin Bessel illumination beams easily because the whole aperture of the objective lens (NA51.4) can be used for illumination.
In conclusion, we demonstrated a novel microscopy APOM, capable of directly imaging the axial plane cross-sections of various 3D samples without scanning. The acquired image shows negligible distortion over a large field of view (. 70 mm 3 70 mm), which is much larger than the depth of focus in conventional optical microscopy. When a laser sheet is used for illumination through a single objective near the sample, the APOM provides fast, high-contrast, and convenient 3D images of thick biological samples such as pollens and brain slices. APOM with light-sheet illumination opens a new avenue for many exciting biological applications such as direct imaging of a living brain from its surface. Moreover, the light sheet from the single high NA objective lens can be easily thinned down further to reduce the excitation volume and consequently increase signal-to-background ratio, towards fast and convenient imaging of single fluorescent molecules 34, 35 .
Methods
Optical setup. The main components of APOM are shown in Fig. 1a . Both the objective lens (OBJ) near the sample and the remote lens (L3) are Zeiss PlanApochromat 1003/NA 1.4 oil immersion objective lenses. The tube lenses (L1, L2, L4, L5) are f5150 mm achromatic doublet lenses. BS1 is a 90% reflection beam splitter, while BS2 is a 50% beam splitter. The tilted mirror M1 is a cleaved silicon wafer coated by about 150 nm of aluminum. We used a cleaved silicon wafer because it has a very straight and shape edge. So the mirror is usable even only a few micrometers away from its edge. This allows us to tilt the mirror at 45 degree as respected to the optical axis of the L3. This tilted mirror converts the image in the axial plane of L3 to an image in the lateral plane of L3. A ray tracing simulation of the principle of APOM is shown in Fig. 1c .
The illumination light is from a tungsten lamp for imaging the nano-hole array shown in Fig. 2d , while it is from a mercury lamp for the normal plane images of fluorescent pollens and mouse brain slices (Fig. 3b, 4b) . To take the axial plane images of biological samples with high contrast, we used a 532 nm laser light sheet. The light sheet is generated by passing a laser through a pair of cylindrical lenses (f515 mm and f5200 mm). We also used a narrow slit to further reduce the thickness of the light sheet. We typically use a light sheet with a thickness of about 2 micrometers near the focus of the OBJ for selective plane illumination. The camera used for taking the fluorescent images is a Luca R EMCCD camera from Andor. For fluorescence imaging, a 580 nm long pass filter (not shown in Fig. 1a) is placed in front of the camera to block the illumination light while letting the fluorescent signal pass through.
Point spread function of APOM. Due to the 45u tilted mirror in APOM, the halfcone angle of the objective lens for signal collection must be greater than 45u, corresponding to 0.71 NA in air and 1.07 NA in a n 5 1.52 oil. The classical scalar diffraction theory is inaccurate in this high NA regime and thus we used the vector diffraction theory that properly deals with high aperture systems. We first determined an effective 3D pupil function in APOM (NA 5 1.4, n 5 1.52) by considering the reflected beam path from the tilted mirror back to the exit pupil as shown in Fig. 1b , which is rotationally asymmetric about the optical axis in the spherical coordinate. Then, to predict theoretical intensity point spread function (PSF) of APOM for an unpolarized point object (l 5 546 nm), we numerically evaluated multiple double integrals, in MATLAB, consisting of the vector Debye integral 14, 15 over the derived effective 3D pupil area. For such a numerical simulation, we also assumed that the objective lens satisfies the Abbe's sine condition and the whole system is aberrationfree. The FWHM of the PSF as a function of NA is shown in Supplementary Fig. S1 . Nano-hole array fabrication and imaging. The nano-hole array was fabricated and used for demonstrating the distortion-free large-scale axial plane imaging. We first deposited 2 nm of chromium and 150 nm of gold film on a clean glass cover slip using an electron beam evaporator. We then milled the array of circular holes in the gold film using a focused ion beam. An array of 11 3 11 holes were fabricated with a hole separation of 7 mm (Supplementary Fig. S2 ). The diameter of each hole is about 500 nm. The array was fabricated near the edge of the coverslip, allowing it to be placed within the working distance of the objective lens in the APOM system. In the imaging experiment, the fabricated sample was aligned to be parallel to the optical axis of the objective lens OBJ, and also be parallel to the edge of the titled mirror M1. The sample was placed in the index-matched oil of the oil-immersion objective lens for imaging.
Pollen sample. A slice of mixed pollen grains was purchased from Carolina Biological Supply Inc. (Burlington, USA). It was prepared for conventional wide-field optical microscopy. Pollens were embedded in a polymer whose optical refractive index is close to that of glass for using with oil immersion objective lenses. Mouse brain sections. Two kinds of fluorescently labeled brain sections shown in Fig. 4 were kindly gifted by Dr. Kazunari Miyamichi in Stanford University and Dr. Hongfeng Gao at UC Berkeley, respectively. A sample shown in Fig. 4b, 4c , 4e is a brain section with 32 mm thickness, prepared from a Thy1-GCaMP3 mouse. The cells genetically expressed by GCaMP3 protein are immnostained by using GFP antibodies conjugated with Cy3. The other sample shown in Fig. 4d, 4f is another brain section with 55 mm thickness from a transgenic mouse and labeled with td-Tomato. The APOM images axial cross-sections of the sample directly. To obtain a 3D image, we stepped the sample along y-axis with an interval of 0.5 mm by a motorized translation stage. Then a series of axial plane images were stacked together to form a 3D image.
